ABSTRACT Objective: Biomechanical models that compute the lengths and moment arms of soft tissues are broadly applicable to the treatment of movement abnormalities and the planning of orthopaedic surgical procedures. The goals of this study were to: (i) develop methods to construct subject-specific biomechanical models from magnetic resonance (MR) images, (ii) create models of three lower-extremity cadaveric specimens, and (iii) quantify the accuracy of muscle-tendon lengths and moment arms estimated using these models.
INTRODUCTION
Surgeons frequently lengthen "tight" muscles in persons with cerebral palsy in an attempt to improve ambulation. 4, 24 For example, children who walk with excessive flexion of their knees often have their hamstrings lengthened in an effort to diminish the crouched posture, increase the efficiency of movement, and prevent the progression of deformities. Exaggerated hip flexion during walking is commonly treated by surgical lengthening of the psoas muscle at the pelvic brim. Unfortunately, the outcomes of soft-tissue procedures to correct crouch gait and other movement abnormalities in persons with neuromuscular disorders are unpredictable and sometimes unsatisfactory. 24 We believe that analyses of the muscle-tendon lengths during movement may help distinguish patients who have short muscles from those who do not have short muscles, and thus may provide a more effective means to identify candidates who would benefit from surgery.
Several investigators have used a generic model of the lower extremity, representing the musculoskeletal geometry of an average-sized adult male, to estimate the lengths of the hamstrings and psoas muscles during normal and crouch gait. 11, 25, 35, 38 These studies have provided some useful clinical insights. However, it is not clear how variations in size, age, or bone geometry affect the accuracy of muscle-tendon length calculations. Children with cerebral palsy frequently exhibit deformities of the femur. 4 If these deformities substantially alter the moment arms (i.e., the lever arm, or mechanical advantage of a muscle at a joint) of muscles about the hip, then estimates of the muscle-tendon lengths calculated with a generic model may be inaccurate or misleading. Before generic musculoskeletal models can be used to guide patient-specific treatment decisions, the accuracy of the models must be tested. Hence, techniques to accurately and non-invasively characterize muscle lengths and moment arms of individual subjects need to be developed.
Muscle moment arms have been estimated in vivo from computed tomography 28, 30 and from magnetic resonance (MR) images. 32, 37 However, using static images alone to determine the lengths and moment arms of muscles for the wide range of body positions assumed during walking would require extensive imaging protocols to capture the muscle and joint geometry in many limb configurations. The combination of MR imaging and graphics-based musculoskeletal modeling provides a tractable alternative for estimating muscle-tendon lengths and moment arms in living subjects. For instance, a three-dimensional (3D) surface reconstruction of a limb in one joint configuration can be animated by characterizing the geometric relationships between the muscles and bones, specifying the joint kinematics, and defining how the muscletendon paths change with joint rotation. Murray et al. 29 (elbow joint), Cohen et al. 10 (patellofemoral joint), and others 7, 9 have demonstrated the feasibility of this approach, though only Murray et al. have reported the accuracy of the muscle moment arms estimated with their MRI-based kinematic model.
In this study, we examined the accuracy with which subject-specific models of musculoskeletal geometry can be constructed from a minimal set of MR images. Graphics-based models of three lowerextremity cadaveric specimens were developed, each from approximately 250 static MR images. These models describe the geometry of the pelvis, femur, and proximal tibia, the kinematics of the hip and tibiofemoral joints, and the paths of the surrounding muscles. The accuracy of the models was evaluated by comparing hip and knee flexion moment arms estimated from the models of the specimens to the moment arms determined experimentally on the same specimens. Because the moment arm of a muscle determines its change in length with joint rotation, 1 these comparisons provided a rigorous test of the accuracy with which the models could estimate the muscle-tendon lengths and moment arms over a range of hip and knee motions. Results are presented for three muscles that are commonly lengthened to treat movement abnormalities in persons with cerebral palsy: the semimembranosus and semitendinosus muscles, which comprise the medial hamstrings, and the psoas muscle. Representation of these muscles is challenging because the hamstrings cross the knee, a joint with complex kinematics, and the psoas wraps over multiple underlying structures, including the pelvic brim and hip capsule.
METHODS
Musculoskeletal models of three lower-extremity cadaveric specimens (Table 1) were developed from several series of static MR images. The process of creating each model consisted of six steps (Figs. 1-2).
Step 1 was to acquire the MR images.
Step 2 was to identify and outline the anatomical structures of interest in each image, which included the pelvis, femur, tibia, psoas, semitendinosus, and semimembranosus.
Step 3 was to generate 3D surface reconstructions of each structure based on the two-dimensional (2D) outlines.
Step 4 was to register the surfaces from adjacent series of images, thus generating an accurate representation of each specimen's anatomy in one limb position.
Step 5 was to scale kinematic models of the hip and knee to each specimen based on the bone surface geometry.
Step 6 was to specify the muscle-tendon paths for functional ranges of joint motion. The resulting graphics-based models were capable of estimating muscle moment arms through ranges of hip and knee angles corresponding to walking.
Imaging Protocol
Five or six series of T1-weighted spin-echo images (TR ϭ 400 ms, TE ϭ 17 ms, 256 ϫ 256, FOV ϭ 20 -24 cm for series 1-5 and 40 -48 cm for series 6) were obtained for each specimen using a 1.5T Signa MR scanner (GE Medical Systems, Milwaukee, WI) at the Children's Memorial Medical Center in Chicago (Fig. 1A) . These imaging parameters enhanced the brightness of fatty tissue, which generally formed the boundaries around the muscles of interest. The specimen was placed in the prone position with the hip and knee slightly flexed (15-25°) . To define the bone and muscle surface geometry, three series of transverse images were obtained using a body coil. In the first series of images, contiguous 3-mm slices were acquired from the anterior superior iliac spine (ASIS) to just below the lesser trochanter of the femur. A series of 10-mm slices were obtained along the shaft of the femur, and a series of 3-mm slices were taken from the distal femur to the proximal tibia. To capture the articular surfaces of the femur and tibia and to help define the tibiofemoral kinematics, two series of sagittal images were acquired using an extremity coil. These images were taken in 3-mm intervals at two different knee positions. A sixth series of images was obtained for the full pelvis specimens. Transverse images spanning the width of the pelvis were acquired in 3-mm slices from just above the ASIS to just below the ASIS. This facilitated definition of a medial-lateral axis for the pelvis.
Surface Reconstruction and Registration
We manually outlined the boundaries of the bones and muscles in each image slice. Each boundary was represented as a series of points that were fit with a cardinal spline. Three-dimensional surface models were generated by connecting adjacent contours of each structure with a polygonal mesh (Nuages, INRIA, France). The surface models were imported into a graphics-based musculoskeletal modeling package, SIMM. 14 Surfaces constructed from overlapping series of transverse images were registered based on careful inspection of the bone and muscle surface geometry. These transformations were straightforward to calculate because the specimen was not moved between acquisition of the transverse series and the tapered geometry of the muscles provided sufficient constraints. Surfaces of the femur and tibia constructed from the transverse series were registered to the corresponding surfaces created from the sagittal images to obtain a complete representation of the articular surface geometry. These transformations were calculated using an iterative closest point formulation 3 and a nonlinear least-squares algorithm (MATLAB Optimization Toolbox, The Mathworks, Natick, MA). The result of our two-step registration procedure was a 3D representation of each specimen's anatomy at the limb position in which the specimen was scanned (Fig. 1B) .
Incorporation of Joint Kinematics
Coordinate systems were established for the pelvis, femur, and tibia based on anatomical landmarks. The medial-lateral axis of the pelvis coordinate system was defined by the vector from the right ASIS to the left ASIS (full pelvis specimens) or using the ASIS and midline points on the pubic symphysis and sacrum (hemipelvis specimen). The frontal plane was defined by the ASIS and the pubic tubercle. For the femur, the superior-inferior axis was defined by the vector joining the midpoint between the medial and lateral epicondyles and the center of the femoral head. The frontal plane was defined to be parallel to the vector joining the medial and lateral epicondyles. The tibia coordinate system was specified to be coincident with the femur coordinate system when the knee was fully extended.
Kinematic descriptions of the hip and tib- All measurements in units of centimeters. * Hemipelvis specimen † Full pelvis specimen iofemoral joints were defined for each model based on the specimen's bone surface geometry ( Fig.  2A) . The hip was assumed to be a ball-and-socket joint, and the hip center was located by fitting a sphere to the surface of the femoral head using a Gauss-Newton nonlinear least-squares algorithm (MATLAB Optimization Toolbox, The Mathworks, Natick, MA). We determined the relative positions of the femoral head and acetabulum from the scanned position. The hip joint was defined as three successive body-fixed rotations of the femur relative to the pelvis, in the order flexion, adduction, and then rotation. The knee joint specified the 3D translations and rotations of the tibia relative to the femur as functions of knee flexion angle, and was based on published experimental measurements of tibiofemoral kinematics. 39 The femoral and tibial coordinate systems specified by Walker et al. 39 were based on the relative positions of the bones at full knee extension; however, our specimens were imaged with some degree of flexion. Also, Walker et al. reported tibiofemoral translations that had been scaled to a "nominal-sized" adult knee and averaged for 23 specimens. However, the knees of our specimens varied in size and shape. For this reason, we developed an iterative procedure to estimate, for each specimen, (i) the knee flexion angle at the scanned position and (ii) an appropriate scale factor which, when multiplied by the tibiofemoral translations specified by Walker et al., produced tibiofemoral contact locations that were consistent with published experimental data. 31 The scale factor was adjusted at each iteration such that the model's tibiofemoral contact points more closely approximated the data of Nisell et al. 31 with minimal penetration or gapping. Since the relative positions of the femur and tibia were known from the image data at one or more angles of knee flexion, the scaled knee kinematics at every iteration were Fig. 1 . Three-dimensional surface reconstruction from MR images. Surface models of the bones and muscles were generated from two-dimensional outlines that were defined manually in each image (A). Surfaces from overlapping series were registered to obtain a representation of the specimen's anatomy at one limb position (B).
computed and evaluated based on these reference positions. The resulting tibiofemoral joint for each model prescribed the 3D motions of the tibia relative to the femur from 0°(extension) to 120°(flexion).
Specification of Muscle-Tendon Paths
The paths of the psoas and medial hamstrings were represented by a series of line segments. For each muscle, we developed an algorithm to (i) define the muscle attachments, and (ii) specify ellipsoidal wrapping surfaces and via points 15 to represent underlying structures and other anatomical constraints. The attachments were defined from the 3D muscle surfaces at the scanned position (Fig. 2B) . Because the lumbar vertebrae were not imaged, the origin for the psoas was placed in the center of the muscle surface at the most proximal image. A via point, representing the "effective" origin of the psoas, was fixed at the pelvic brim. The origin of each of the medial hamstrings was located at the approximate centroid of the intersection of the muscle surface with the ischial tuberosity. We used a wrapping surface to characterize how the psoas muscle curves over the pelvic brim and hip joint capsule before inserting onto the lesser trochanter (Fig. 2C) . A via point was added to the path of the psoas proximal to its insertion to prevent the path from penetrating the femoral neck with hip internal rotation. For each of the medial hamstrings, a wrapping surface was defined to prescribe how the muscle wraps around the posterior femoral condyles and the gastrocnemius muscle with knee extension (Fig. 2C) . A via point was added proximal to the insertion of the semitendinosus to simulate the constraints produced by surrounding connective tissues.
Evaluation of Models Using Tendon Excursion Measurements
Hip flexion-extension and knee flexion moment arms were determined experimentally for the three specimens using the tendon excursion method. 1 This involved measuring the length changes of the Fig. 2 . Definition of joint kinematics and muscle-tendon paths. Kinematic models of the hip and knee (A) were scaled to each model based on the bone surface geometry. Attachment sites for the psoas and medial hamstrings were defined according to the 3D surface models (B). Ellipsoidal wrapping surfaces (C) were used to prescribe how the psoas muscle wrapped over the pelvic brim and hip joint capsule, and how the medial hamstrings wrapped over the gastrocnemius and posterior femoral condyles.
psoas, semimembranosus, and semitendinosus muscles through a range of hip and knee flexion. The muscle moment arms were computed as the partial derivative of the muscle-tendon lengths with respect to joint angle.
Each specimen was prepared by removing the skin and freeing the muscles of interest from extraneous soft tissue and fascia. We preserved tissues in the popliteal region that influenced the medial hamstrings' paths. The hip joint capsule and the knee ligaments were left intact to maintain normal joint motion.
Screws were drilled into landmarks on the pelvis, femur, and tibia to establish the anatomical coordinate systems for each segment. A 3D localizer (FlashPoint 5000, Image Guided Technologies, Boulder, CO) was used to digitize these landmarks and to track the positions and orientations of infrared emitter triads that were rigidly attached to the bones.
The specimen's hip center was located relative to the pelvis by slowly moving the femur through a range of flexion-extension and abduction-adduction motions, tracking the midpoint between the medial and lateral epicondyles, and fitting a sphere to these points. A Gauss-Newton nonlinear least-squares algorithm (MATLAB Optimization Toolbox, The MathWorks, Natick, MA) was used to determine the center and radius of the sphere. The center of the sphere was assumed to represent the hip center.
Each specimen was mounted in a customdesigned jig that provided control of hip flexion, adduction, rotation, and knee flexion (Fig. 3) . Accurate calculation of the muscle moment arms required careful alignment of the specimen. The pelvis was oriented such that its medial-lateral axis was perpendicular to the baseplate of the jig. The pelvis was fixed to the jig using cortical bone screws (EBI Medical Systems, Parsippany, NJ). Additional bone screws and Ilizarov components 8 were used to secure the femur to a cart. The cart was equipped with one precision ball caster and two rigid casters, which were mounted on adjustable plates. The plates of the cart were angled such that the cart rolled in a circular arc. The rotation axis of the cart was collinear with the specimen's hip center. Custom software was written (Lab-VIEW, National Instruments Corporation, Austin, TX) and used in combination with the 3D localizer to guide the alignment process. Hip flexion and knee flexion angles were monitored during the experiment by tracking the locations of emitter triads mounted to the pelvis, femur, and tibia. Hip adduction and rotation angles were secured at 0°. Each specimen's tibiofemoral kinematics were measured by recording the 3D translations and rotations of the tibial reference frame relative to the femoral reference frame during passive knee flexion and extension. Fourth-order polynomials were fit to the kinematics data (R 2 Ͼ 0.98). To measure the length changes of the muscles, polyester suture was sewn to the distal tendon of each muscle, routed through a suture anchor at the muscle's origin, and connected to a Celesco PT101 position transducer (Celesco Transducer Products, Canogo Park, CA). For the psoas, the suture was secured proximal to the pelvic brim to permit wrapping over anatomical structures. The transducer applied a constant tension of 7.5 N, and was reported to be accurate to within 0.15 percent of full scale, or Ϯ 0.38 mm. The data were sampled at 15 Hz using a 16-bit analog-to-digital converter (PCI-MIO-16XE-50, National Instruments Corporation, Austin, TX). The A/D board determined Fig. 3 . Experimental set-up for tendon excursion measurements. Infrared emitter triads were mounted to the pelvis, femur, and tibia to track joint angles (A). The pelvis was mounted to the baseplate with cortical bone screws (B). The femur was secured to a cart. The wheels of cart (C) rolled in a circular arc about the specimen's hip center to flex the hip. Tendon excursion measurements were made by sewing a wire mesh (D) to the muscle, attaching suture (E) to the wire mesh, routing the suture through a suture anchor (F) at the muscle's origin, and connecting the suture to a position transducer (G). the resolution of the measurements, which was 0.04 mm.
The length changes of the muscles were recorded while slowly moving the hip or knee joint through the maximum attainable range of motion. To determine hip flexion-extension moment arms, the tibia was secured with the knee in extension, and the cart was rolled through a range of hip flexion (generally 80°). To determine knee flexion moment arms, the cart was secured with suction cups with the hip at 0°flexion, and the knee was manually rotated through a range of knee flexion (generally 70°). Five trials were collected for each muscle at each joint. Before each set of trials, the limb was taken through the range of motion in an effort to eliminate muscle stretching during data collection.
Fourth-order polynomials were fit to each trial of tendon excursion vs. flexion angle data (R 2 Ͼ 0.99). The moment arms for each trial were calculated by taking the first derivatives of the polynomial fits. The average moment arm curves and standard deviations across trials were computed.
The average moment arm curves determined from the excursion data were compared with the moment arms predicted from the MRI-based model of the corresponding specimen. An average error was computed for each muscle and specimen by calculating the average, over the range of motion achieved during the experiment, of the absolute difference between the experimentally determined moment arm and the calculated moment arm, expressed in millimeters and as a percentage of the experimental moment arm.
RESULTS
Hip flexion-extension moment arms for the psoas and medial hamstrings calculated with the models compared favorably with the experimental data. For the psoas (Fig. 4) , the average errors between the experimentally determined moment arms and the calculated moment arms ranged from 1.1 mm, or 5% of the experimental moment arms (Specimen 1), to 2.7 mm (8%, Specimen 3). For the semimembranosus (Fig. 5) , the hip extension moment arm errors ranged from 1.0 mm (2%, Specimen 2) to 3.8 mm (9%, Specimen 3). For the semitendinosus, the average errors ranged from 1.3 mm (2%, Specimen 3) to 2.5 mm (4%, Specimen 2).
The knee flexion moment arms for the medial hamstrings calculated with the models were within 10% of the experimental data (Fig. 6) . The average knee flexion moment arm errors for the semimembranosus ranged from 0.1 mm (Ͻ 1%, Specimen 1) to 3.5 mm (10%, Specimen 2). The average errors for the semitendinosus ranged from 1.8 mm (5%, Specimen 1) to 3.9 mm (9%, Specimen 2).
DISCUSSION
Knowledge of muscle-tendon lengths and moment arms is important for planning interventions aimed at the correction of walking abnormalities because tight muscles that restrict movement are often surgically lengthened. Lengthening of the medial hamstrings and psoas muscles, for example, often improves the posture and limb alignment of persons with cerebral palsy who walk with a troublesome, crouched gait. However, unnecessary lengthening of these muscles can leave patients with weak, dysfunctional legs. Previous studies, based on computer models representing normal adult musculoskeletal geometry, have suggested that analyses of the muscle-tendon lengths during walking may be helpful for deciding if a muscle should be surgically lengthened. 11, 25, 35, 38 These generic models must be tested -and the accuracy of the predicted muscle-tendon lengths verified -before such models can be used to guide treatment decisions for specific patients.
In this study, we (i) developed methods to create subject-specific musculoskeletal models from MR images, (ii) constructed models of three lower-extremity specimens, and (iii) quantified the accuracy with which hip and knee flexion moment arms of the medial hamstrings and psoas muscles could be estimated using these models. We showed that the moment arms computed with the three specimen-specific models were within 10% of the moment arms determined experimentally on the specimens.
To evaluate the significance of these moment arm errors for predicting the length changes of the muscles during movement, we calculated the corresponding errors in the length changes of the muscles for 60°ranges of hip and knee flexion, and we compared these errors to variations in the peak muscle-tendon lengths determined for eighteen unimpaired subjects during walking. This comparison is relevant because muscle-tendon lengths of cerebral palsy patients are often compared to averaged data from unimpaired subjects to determine if a muscle is shorter or longer than normal during walking. 11, 35, 38 The 60°range of flexion was chosen because it represents a functional range of hip and knee angles during normal and crouch gait. 11 The means and standard deviations of the peak lengths for the unimpaired subjects were estimated using each specimen-specific model in conjunction with the subjects' measured gait kinematics. We calculated the length change of the psoas from the muscle's effective origin at the pelvic brim to its insertion on the lesser trochanter. Hence, we assumed that changes in psoas length due to rotations at the lower lumbar spine and lumbosacral joint were negligible.
The maximum errors in the estimated length changes of the psoas, semimembranosus, and semitendinosus were 2.5 mm, 2.1 mm, and 3.7 mm, respectively (Fig. 7) . These errors are less than one standard deviation of the peak muscle-tendon lengths for the group of unimpaired subjects. Based on these data, we believe that our methods for constructing musculoskeletal models from MR images are sufficiently accurate for estimating the length changes of these muscles in vivo. Our next step is to develop subject-specific models of children with cerebral palsy. Insights gained from these studies will help evaluate and improve existing musculoskeletal models and, ultimately, may facilitate the design of improved treatment strategies for persons with neuromuscular disorders.
The procedures we used to develop and evaluate the MR-based musculoskeletal models in this study have some important limitations. First, we assumed that the hip could be well represented by a ball-and-socket joint. Hip flexion and extension moment arms calculated with the three specimenspecific models compared favorably with the experimental data (Figs. 4 and 5 ). This suggests that our model of hip kinematics and our methods for locating the hip center were adequate-at least for the specimens in this study. However, some individuals with cerebral palsy have hips that are subluxed or dislocated. Additional work may be required to develop accurate representations of deformed hips, and to determine how these deformities alter the lengths and moment arms of muscles.
Second, knee motions in the models were based on published measurements of tibiofemoral kinematics, 39 which we scaled to each specimen's bones. To determine whether the moment arms of the medial hamstrings were influenced by our choice of scale factor, we performed a sensitivity study. 33 Varying the scale factor by Ϯ 0.2 (a feasible tolerance) changed the knee flexion moment arms of the medial hamstrings by at most 1.1 mm. Altering the "assumed" knee flexion angle at the scanned position by Ϯ 4°changed the moment arms by at most 1.7 mm. Because these changes are small (Ͻ 5%) compared to the moment arms of the muscles, we believe our iterative method for choosing a scale factor was satisfactory. It is possible that our knee model would not prescribe accurate motions of the tibiofemoral joint for children with cerebral palsy, even after scaling the model to a child's bone geometry. In fact, the kinematic equations reported by Walker et al. 39 which represent the averaged knee motions of 23 adult specimens-may not characterize the tibiofemoral kinematics of many unimpaired adults. We found that the knee flexion moment arms of the medial hamstrings for Specimen 2 were consistent in magnitude with the experimental data, but were shifted in joint angle by about 30° (Fig. 6b) . Using our experimental measurements of tibiofemoral kinematics, we determined that this discrepancy could be attributed primarily to differences between the measured and the prescribed tibiofemoral motions (Fig. 8) . Fortunately, the length changes of the medial hamstrings calculated with the model of Specimen 2 were nearly as accurate as the length changes computed with the other models, despite errors in the tibiofemoral kinematics (Fig. 7) . This suggests that predictions of the muscle length changes may be relatively insensitive to errors in the prescribed knee motions. In future studies, the acquisition of cine phase-contrast MR images, 36 or static MR images at many angles of knee flexion, may enable better, more individualized descriptions of tibiofemoral kinematics to be developed.
Third, we represented the muscles in our MRIbased models as a series of line segments, and we designed the muscle-tendon paths based on image data from only the scanned limb position. We used ellipsoidal wrapping surfaces to simulate interactions between the muscles and the underlying structures, and we restricted each muscle to interact with only one wrapping surface. There are several limitations to this approach. For example, we defined a wrapping surface to simulate wrapping of the psoas over the pelvic brim and hip capsule with hip extension, and we used a via point 15 to keep the muscle from penetrating the femoral neck with hip internal rotation. This strategy worked well for large ranges of hip flexion and rotation, but was effective only for very small ranges of hip abduction or adduction. Similarly, a wrapping surface at the distal femur prevented the semimembranosus and semitendinosus from penetrating the femoral condyles with knee extension, but there was no way to also keep these muscles from penetrating the ischium at large angles of hip flexion. If the lengths or moment arms of these muscles need to be evaluated for a wider range of joint angles than are used during walking, then algorithms that allow muscles to wrap over multiple surfaces need to be developed. Detailed studies of how the muscle-tendon paths change with joint configuration in vivo could also improve the reliability of kinematic models constructed from static images. Finally, we evaluated our methods for creating the subject-specific models by comparing muscle moment arms calculated with the models of three specimens to the moment arms determined experimentally on the specimens, but there are several potential sources of error in these measurements. Stretching of the muscle-tendon-suture complex or small inaccuracies in specimen alignment, for example, could have caused errors in our tendon excursion versus joint angle data. To gain confidence in our experimentally determined moment arms, we compared these moment arms to moment arms published in the literature.
Buford et al. 6 measured knee flexion moment arms in fifteen specimens and reported the averaged moment arm curves and standard deviations for each of the hamstring muscles. Peak knee flexion moment arms of the medial hamstrings for the three specimens in our study were within one standard deviation (within 4 mm) of the peak moment arms that Buford et al. reported. Hence, we are reasonably confident in the knee flexion moment arms determined from our experiments.
At the hip, a comprehensive set of published moment arm data for comparison was not available. In the most widely-cited study of hip moment arms to date, Dostal et al. 20, 21 estimated muscle attachment sites from skeletal landmarks on one dry bone specimen. The corresponding moment arms of the hamstrings and psoas muscles were presented, but only for the upright position. The hip extension moment arms of the medial hamstrings for the three specimens in our study were slightly smaller than these data, with differences ranging from 3 to 9 mm. The hip flexion moment arms of the psoas for the specimens in our study were 6 to 11 mm greater than these data. This discrepancy may have been due to wrapping of the psoas over the underlying structures in our experiments, which would not have been accounted for in the dry bone study of Dostal et al. Hence, the muscle moment arms determined for the three specimens in our study provide more accurate estimates than previously available in the literature.
The techniques described in this paper for creating subject-specific musculoskeletal models from MR images are applicable to a wide range of orthopaedic surgical procedures. Surgeons frequently introduce changes in muscle force-and moment-generating capacities by modifying the lengths or moment arms of muscles. Predicting the biomechanical consequences of surgical alterations, therefore, requires detailed knowledge of the muscle-tendon lengths and moment arms before and after surgery. Generic models of musculoskeletal geometry have been used to simulate tendon lengthenings, 18, 19 tendon transfers, 7, 17, 22, 27 osteotomies 2, 5, 12, 23, 34 and hip reconstructions. 13, 16, 26 These studies have determined how variations in surgical parameters affect musculotendon lengths, moment arms, force-generating capacities, and joint contact forces post-operatively -important data for surgical planning. However, no study has reported how variations in musculoskeletal geometry across patients might influence the simulation results. We believe that the development of accurate, timeeffective, and cost-effective methods to construct subject-specific biomechanical models from image data could have tremendous impact on the design, planning, and evaluation of a variety of musculoskeletal procedures.
